Spores of an acrystalliferous derivative of Bacillus thuringiensis subsp. kurstaki, termed Btcry-, are 11 morphologically, aerodynamically and structurally indistinguishable from B. anthracis spores. Btcry-12 spores were dispersed in a large, open-ended barn together with spores of Bacillus atrophaeus 13 subsp. globigii, a historically used surrogate for Bacillus anthracis. Spore suspensions (2 x 10 12 CFU of 14 B. atrophaeus subsp. globigii and of Btcry-) were aerosolised in each of five spray events using a 15 backpack misting device incorporating an air-blower; a wind of 4.9 -7.6 m s -1 was also flowing 16 through the barn in the same direction. Filter air samplers were situated throughout the barn to 17 assess the aerosol density of the spores during each release. Trays filled with surfactant in aqueous 18 buffer were placed on the floor near to the filter samplers to assess spore deposition. Spores were 19 also recovered from arrays of solid surfaces (concrete, aluminum and plywood) that had been laid 20 on the floor and as a wall at the end of the barn. B. atrophaeus subsp. globigii spores were found to 21 remain airborne for significantly longer and deposited on horizontal surfaces at lower densities than 22 
Introduction 38
B. anthracis is an important bacterial agent of concern (1). It is pathogenic to humans, particularly by 39 inhalational exposure (2). The organism's endospores manifest great environmental persistence and 40 high resistance to chemical decontaminants compared to other bacteria. Understanding the threat 41 posed by malicious use of B. anthracis and the development of effective counter-measures requires 42 a comparable, non-pathogenic surrogate. B. atrophaeus subsp. globigii has, for many decades, been 43 a B. anthracis surrogate (3). B. atrophaeus subsp. globigii and other surrogates related to B. subtilis 44 have generated useful information regarding spore dispersal (4, 5). However, an increasingly large 45 body of data indicates that B. atrophaeus subsp. globigii is not a very accurate surrogate for B. 46
anthracis (6, 7, 8) , particularly in terms of spore morphology. B. atrophaeus subsp. globigii spores 47 are considerably smaller and lack an exosporium (9). Furthermore, genetic similarities among B. 48 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from events, each releasing 2 x 10 12 spores of each species. Equal concentrations of both species were 139 used at a density of 1 x 10 9 CFU ml -1 (i.e. 4 l of spore suspension used per spray event) at a flow rate 140 of 0.4 l min -1 . Each droplet should have contained less than four spores. 141
The nozzle of the sprayer was moved in a slow ellipse to encompass the solid coupons at the front 142 of the array at an angle of about 5 o above and below the horizontal, at a height of 1.2 m. The spore 143 suspension was agitated throughout the spraying process. The temperature during the spray events 144 ranged from 21.5 o C to 23 o C, the relative humidity was 38%. The wind speed was 4.9 to 7.6 m s were stored at room temperature and the spores extracted within two days. Similarly, the eleven 153 witness trays adjacent to the filter samplers were sampled and replaced with fresh trays. All of the 154 other witness trays and solid surfaces remained in place for all five spray disseminations. 155
Filter collectors. The filter collectors were custom made. They have an intake rate of about 900 l 156 min -1 . The filter material (76 mm diameter) was made of polypropylene 400 g m -2 (Part number: 157 YO400ZZB, Andrew Webron Ltd., Bury, U.K.). 158
Spore recovery and enumeration. The liquid in the witness trays was first mixed with a fresh, sterile 159 pipette to re-suspend the spores and a sample then transferred to a 50 ml polypropylene tube 160 (Falcon, U.K.) which was stored on ice until further processing. Individual filter disks were placed into 161 50 ml polypropylene tubes to which 10 ml of eluant (PBST) were added. Spores were eluted by 162 vigorous shaking at maximum speed on a mechanical shaker (Steward, U.K.) for 5 min. The resulting 163 suspension of spores was serially diluted in sterile PBS and plated onto the appropriate growth 164 medium. The solid coupons from the deposition chamber and the barn were placed, face down, into 165 aluminum trays (228 cm x 228 cm) containing PBST (150 ml) and rubbed backwards and forwards 166 over the base of the tray for 30 sec. A fresh tray was used for each coupon. Samples of the resulting 167 suspensions were stored on ice and plate counted within two days. To estimate the proportion of 168 spores residing on the grass sward compared to the whole turf, sixteen samples of sod in each 169 region of the barn were cut using a cork borer (3 cm diameter). Half of the turf cores from each 170 section were inverted and the grass cut off at root level into a 50 ml polypropylene tube with sterile 171 scissors. Each intact turf core was cut roughly into four pieces and placed into identical tubes. 172
Spores were removed from the collected grass leaves and the whole turf pieces by shaking for 30 173 Statistical analysis and graphical representation of data. All data analysis was performed using 'R 179 v.3.1.1.' software (https://www.r-project.org/). The bacterial count had to be converted to log 180 values to satisfy the normality assumptions, then generalised linear models were run on the data to 181 determine which of the variables had a significant effect on the log bacterial count. Least-squares 182 means were then used to establish where these significant differences were (if there were more 183 than two levels in a variable). Boxplots and dotplots were then drawn to highlight these 184 differences. Descriptive statistics were calculated along with confidence intervals at the 95% and 185 99% confidence levels. Table 1 were calculated from this standard. There was no significant difference at the 207 95% confidence level in the recovery of the two bacterial species. These recovery rates were used to 208 normalize the spore counts obtained in the barn from these surfaces: they allowed the two different 209 phenomena contributing to the recovered spore count (deposition efficiency and recovery 210 efficiency) to be separated. 211
The mean recovery of Btcry-spores from turf over all of the regions represented 123.7% (+/-20.9%) 212 of the viable count (CFU m -2 ) recovered from the witness trays in the same regions. No attempt was 213 made to calculate the recovery efficiency from turf as was done for the solid surfaces using the 214 deposition chamber. This was because the spores were falling under the effect of gravity in the 215 deposition chamber rather than being blown over the grass as occurred in the barn: given the three-216 dimensional structure of turf it was considered that there might be too large a discrepancy between 217 these methods of deposition to extrapolate from purely vertical to a somewhat perpendicular 218 deposition at velocity. Turf samples were taken from each of the regions (Fig. 1) 
. The recovery of 219
Btcry-spores from the grass sward that had been cut from the turf represented 43.7% (+/-31.2%) of 220 the total turf count. No attempt was made to account for the relative ease of recovering spores from 221 grass leaves as opposed to the leaves plus soil matrix. level. This phenomenon held true for each filter (Fig. 2) . In addition, the numbers of airborne B. The two aerosol filters (F1 and F2) nearest the spray source gave the lowest spore counts (Fig. 2 &  237 3). This was significant at the 99% confidence limit for all of the filters except F3 and F4 (Fig. 1)  238 where the confidence limit was 95%. The proposed explanation for this is that they were placed at 239 either side of the first region of coupons (Region P) and the plume of the spore aerosols had not yet 240 spread to the edges of the barn. By the time the spray releases had reached Filters 6 and 7, also near 241 the barn walls, the aerosol had spread out and high bacterial loads were recorded. Indeed, the 242 counts at F6 and F7 (at the edges of the barn) were significantly higher (>95% significance level) than 243 the central filter, F5. The aerosol concentration for both species peaked in the middle of the length 244 of the barn (Fig. 3) : the readings at filters F5, F6, F7, F8 and F9 (Fig. 1) were higher than those on 245 either side (F3 and 4 and F10 and 11) at the 99% confidence level. 246
Recovery of spores from witness trays replaced for each spray event. As with the filters, there was 248 no significant difference between sprays for the spore counts of either organism in these witness 249 trays which had been placed adjacent to the filter collectors. Taken overall, there were significantly 250 fewer B. atrophaeus subsp. globigii spores (mean = 7.33 x 10 9 CFU m -2 , s.d. 1.9 x 10 8 ) recovered than 251 those of Btcry-(mean = 1.03 x 10 10 CFU m -2 , s.d. 2.04 x 10 8 ) at the 90% confidence level (Fig. 4) . As 252 might be expected, a higher bacterial count was obtained for both species near the spray position 253 (Fig. 5) . Also, for both species, the deposition of both spores decreased sharply at WT 30 and WT33 254 (Fig. 5) true also within each region and for each surface. Considering the total array of horizontal surface 262 coupons there was no significant difference between the deposition onto concrete or aluminum for 263 either species. The deposition onto wood, though, was lower for both organisms (99% significance 264 level) than on either of these other two surface types (Fig. 7) . The phenomenon is clearly 265 demonstrated when the counts from both bacterial species are combined and plotted against region 266 (Fig. 8) . The deposition on wood compared to the other two surfaces is most noticeably lower in 267 region P, nearer the spray source. The trend does continue with distance down the building, 268 however (Fig. 8) . atrophaeus subsp. globigii spores (2.00 x 10 9 CFU) compared to Btcry-(6.11 x 10 8 CFU) over the five 274 sprays. This could be expressed as 11.0% of the total B. atrophaeus subsp. globigii count from filters 275 8 and 9 being recovered on the wall whereas the comparable figure for Btcry-was 69.2%, i.e. there 276 was over a six-fold higher deposition of Btcry-than B. atrophaeus subsp. globigii on the vertical 277 surfaces relative to aerosol density. This was not a function of more Btcry-spores falling out of the 278 aerosol phase at this position in the Barn: by this stage, Region Z (Fig. 1) (Fig. 2 & 3) . Furthermore, significantly lower aerosol concentrations of Btcry-than 287 B. atrophaeus subsp. globigii were found at each filter position throughout the barn while both 288 species were subjected to exactly the same conditions. Spores of Btcry-are almost twice the length 289 of those of B. atrophaeus subsp. globigii (9) and are surrounded by an exosporium (30). This perhaps 290 explains why they did not stay airborne as well as B. atrophaeus subsp. globigii spores: when 291 expelled from the mist blower at the same velocity the spores with a larger aerodynamic diameter 292 might be expected to travel less far than those of B. atrophaeus subsp. globigii. The striking 293 separation of the airborne bacterial count by species (Fig. 2) supports the preliminary finding that 294 the spores were dry within 6 m of the source: given that mixed suspensions were used it would be 295 expected that if water droplets were still present they would likely contain both species. This has 296 implications for assessments of health hazard (31). Btcry-from the witness trays was significantly higher in all regions (Fig. 4) . This was reflected on the 300 solid surfaces. It was, perhaps, surprising that the deposition on wood was apparently lower than on 301 the other two surfaces (Fig. 7 & 8) . The initial method development showed that the efficiency of 302 spore recovery decreased in the order metal, concrete and wood (Table 1) . This factor was included 303 in the spore count data used in the barn trial. The validation work, by necessity, used spores 304 deposited solely by gravity whereas there would have been an element of angled impact at velocity 305 in the barn. Such spores may have adhered to the porous surface of wood more effectively than the 306 smooth surface of aluminum. There are no additional data from this trial to throw light on this 307 possibility. 308
Another important finding from this trial was the much greater propensity of airborne spores of 309
Btcry-to adhere to the wall. The inference from these data is that spores of Btcry-and, by extension, 310 due to morphological and compositional similarity, B. anthracis, are better able to adhere to vertical 311 surfaces than spores of B. atrophaeus subsp. globigii. The latter differ from those of Btcry-and B. 312 anthracis in that they lack an exosporium. Several authors have demonstrated that this structure is 313 important in attachment to surfaces (32, 33, 34, 35) . This must be inferred as an explanation, at least 314 in part, for the significant difference in adhesion to vertical surfaces between the two surrogates. It 315 may also have been a factor for the higher level of deposition on the horizontal surfaces of Btcry-316 compared to B. atrophaeus subsp. globigii spores. This could not be the total explanation because 317 the deposition in the witness trays containing PBS and the surfactant Tween 20 was always 318 significantly higher for the new surrogate compared to B. atrophaeus subsp. globigii (Fig. 4 & 5) . 319
Although not tested, it was assumed that both types of spores impinging on the PBST were captured 320 with equal efficiency. Other factors such as electrostatic force are also likely to have played a role in 321 attachment (36). 
